understood. The oldest subaerial Kilauea lavas (from the beyond these single eruptions (except for major elements; Wright, 1971; Wright & Fiske, 1971) .25-100 kyr old Hilina Basalt), exposed along fault scarps located 10-15 km south of the volcano's summit, This paper presents the results of the first detailed study of the incompatible trace element, and Pb, Sr, and display source-and melting-related fluctuations of incompatible trace element and isotope ratios (Chen et al., Nd isotope geochemistry of Kilauea's historical lavas.
Forty-three lavas that erupted within or near Kilauea's 1996), a feature also observed in lavas drilled from the flank of Mauna Kea Volcano during the Hawaii Scientific summit caldera ( Fig. 1 ) with known eruption dates were collected. Most of these lavas are thought to Drilling Project (e.g. Lassiter et al., 1996; Yang et al., have erupted directly from the summit reservoir of the 1996). The time scale of the geochemical variations in volcano (Wright, 1971) . These samples record a nearly these stratigraphic sections is not well known, but is continuous, 200 year history of the changes in lava probably limited by the average recurrence interval for chemistry at Kilauea. Rift zone lavas were excluded lava flow emplacement on distal areas of the volcano because these magmas intruded into the rift zones at (~500-1100 years for Kilauea, Holcomb, 1987 ;~700-unknown times (e.g. Wright & Fiske, 1971) . The main 1375 years for Mauna Kea, Albarède, 1996) . The walls objectives of this study are (1) to document the geoof Kilauea Caldera (Fig. 1 ) preserve a more complete chemical evolution of Kilauea lavas over the last two record of the changes in the volcano's parental magma centuries and (2) to evaluate the cause(s) of geochemical composition than either the Hilina Basalt or Mauna diversity within these lavas. Our results show that the Kea sections. These caldera-wall lavas, which erupted isotope and incompatible trace element ratios (e.g. La/0·2-2·8 kyr ago, exhibit cyclic major and trace element
Yb or Nb/Y) of Kilauea's historical summit lavas vary variations when normalized to a constant MgO to correct systematically over time with an abrupt reversal following for olivine fractionation (Casadevall & Dzurisin, 1987) .
the explosive 1924 eruption (Fig. 2) . The post-1924 However, the timing of these geochemical fluctuations is compositional trends continue through the current Puu uncertain (perhaps hundreds of years?) because several Oo eruption. Overall, this temporal fluctuation in lava eruptive pauses may have occurred within the stratichemistry spans almost the entire known geochemical graphic section (Casadevall & Dzurisin, 1987) .
range of the volcano in only 200 years. These short-term The interplay between crustal and mantle processes parental magma changes can be explained by systematic over time scales of decades to centuries at some of variations in the degree of partial melting of smallthe Earth's most active volcanoes such as Piton de la scale heterogeneities within the Hawaiian plume. Lavas Fournaise, Hekla, and Mt Etna has been inferred from erupted just after the 1924 eruption are geochemically the short-term geochemical evolution of their lavas (e.g. anomalous and may have been contaminated by the Albarède & Tamagnan, 1988; Sigmarsson et al., 1992;  assimilation of country rock into the volcano's magma Condomines et al., 1995) . Detailed geochemical sampling reservoir during the explosions. of historical lavas from ocean-island volcanoes such as Kilauea and Mauna Loa can also be used to resolve the length scales of the compositional heterogeneities in the mantle and to distinguish the relative importance of AN OVERVIEW OF KILAUEA'S source heterogeneity versus changes in the degree of
HISTORICAL SUMMIT ERUPTIONS
partial melting. Mauna Loa Volcano lavas erupted from 1843 to 1984 display systematic temporal variations Kilauea's historical period began with a violently exof incompatible trace element and isotope ratios that plosive summit eruption around the year 1790. The probably result from melting small-scale source het-events of this eruption have been reconstructed from erogeneities near the margin of the Hawaiian mantle early 19th century native Hawaiian oral accounts and plume (Rhodes & Hart, 1995) . In contrast, historical modern geologic studies (e.g. Swanson & Christiansen, Kilauea lavas present the opportunity to study the dy-1973; McPhie et al., 1990) . During the 1790 eruption, namics of melt generation within an adjacent (central?) a series of phreatomagmatic and culminating phreatic part of the Hawaiian plume (e.g. Frey & Rhodes, 1993) . explosions ejected 0·1 km 3 of tephra (~70% juvenile) Previous studies show that lavas from the Mauna Ulu from a vent within the boundaries of the modern caldera (1969) (1970) (1971) (1972) (1973) (1974) and Puu Oo (1983 to the present) rift zone (McPhie et al., 1990) . Between the phreatomagmatic and eruptions of Kilauea record changes in the volcano's phreatic phases of the eruption, a few small lava flows parental magma composition over short periods of time issued from a circumferential fissure 1·3 km southwest (<10 years) that can be explained by variations in the of the caldera (e.g. McPhie et al., 1990; Fig. 1) . Following extent of partial melting of a relatively homogeneous these explosions and before the first recorded observations mantle source region (Hofmann et al., 1984; Garcia et al., in 1823, there are no descriptions of volcanic activity at 1996). However, the geochemical variations of historical Kilauea. However, Sharp et al. (1987) reconstructed a fire-fountaining eruption, presumably emanating from a Kilauea lavas have never been examined systematically Lockwood and T. Neal, 1999) . The boundary of Kilauea Caldera is shown by the heavy continuous line. Pit craters, such as Halemaumau, are marked by the heavy hatchured lines, and eruptive fissures are indicated by straight or curved lines. The small dots and arrows mark the locations of samples analyzed in this study (the letters or numbers, keyed to the sample names in Table 1 , indicate multiple analyses from a single eruption). Samples not shown on the map were covered by later flows (e.g. 1868), collected molten (e.g. September and April 1982), or obtained from museum collections (e.g. 1931HM). The stippled area includes both prehistorical volcanics and tephra from historical eruptions (e.g. 1790 and 1959) . The position of the Hawaiian Volcano Observatory (HVO) is provided for reference. vent within the caldera between 1820 and 1823, on the was dominated by nearly continuous lava lake activity from several vents on the caldera floor before 1868 basis of a deposit of reticulite (commonly termed the 'golden pumice') found stratigraphically overlying the and from Halemaumau ( Fig. 1 ) alone after the great earthquake of 1868. Overflows of the lava lake(s) occurred 1790 tephra deposits on the southwest rim of the caldera. Five Kilauea samples that erupted between 1790 and frequently. We sampled the six lava lake overflows that remain exposed on the caldera floor ( Fig. 1 ). In addition, 1823 are included in this study ( Fig. 1) : two clasts of the golden pumice, two extracaldera 1790 lava flows, and we analyzed some samples that are no longer exposed:
an 1866 caldera lava (Wright, 1971) , and lavas that scoria from the 1790 eruption [layer 6 of McPhie et al. (1990) ].
erupted from Halemaumau in 1912 and 1917. We also analyzed samples from the three brief eruptions on the Written descriptions of Kilauea's volcanic activity began in August 1823 [Macdonald et al. (1983) is used for edge of Kilauea Caldera near Kilauea Iki Crater in 1832, 1868, and 1877 ( Fig. 1 ), which coincided with brief this summary unless otherwise noted]. Over the next century , volcanism at the summit of Kilauea hiatuses in lava lake activity. VOLUME 40 NUMBER 8 AUGUST 1999
Fig. 2.
Temporal variations of Pb, Sr, and Nd isotope and incompatible trace element ratios in Kilauea's historical summit lavas. The geochemical trends defined by the summit lavas have continued through the current Puu Oo rift zone eruption (stippled rectangles; . Only Puu Oo lavas that erupted after the initial period of mixing with an evolved rift zone magma are shown in this and subsequent figures. The vertical stippled lines mark the dates of Kilauea's explosive summit eruptions in 1790 and 1924. The 1868 lava may have been stored beneath Kilauea Iki Crater for several decades before eruption (dashed arrow). The samples are grouped according to eruption date (down triangle, 1790 tephra; up triangles, 1790 lava; circles, 1820-1921; diamonds, 1924-1954; squares, 1959-1982) . The open symbols are literature data from Tatsumoto (1978), White & Hofmann (1982) , Hofmann et al. (1984) , Stille et al. (1986), and Chen et al. (1991) . The 2 error bars are given in a corner of each plot.
In 1924, the lava lake within Halemaumau drained was studied). There have been no eruptions at the summit of the volcano since September 1982. away and major collapses of the floor and walls of Halemaumau occurred. This engulfment was accompanied by 3 weeks of phreatic explosions that ejected 0·0008 km 3 of lithic material (e.g. Decker & Christiansen, Dvorak, 1992) . The volume of Halemaumau increased by~0·2 km 3 , which is 250 times greater than All of the samples analyzed in this study are pristine, the amount of ejected rock (Dvorak, 1992) . After the moderately to strongly vesicular lavas with a glassy to 1924 explosions, sporadic eruptions at the summit of microcrystalline groundmass. As in most Kilauea summit Kilauea have been of short duration (<1 day to several lavas (e.g. Wright, 1971; Casadevall & Dzurisin, 1987) , months) from fissures within and near the caldera (Fig. 1) . olivine is the main phenocryst (>0·5 mm across) and We analyzed samples from 1924 and 1929, and a lava microphenocryst (>0·1 to <0·5 mm across) phase ; from nearly every summit eruption between 1931 and M. Garcia, unpublished data, 1999) . Most of the lavas are aphyric (<0·5% phenocrysts), although some samples 1982 (only one of the three phases of the 1961 eruption are weakly olivine phyric (<5% phenocrysts) and a few THE GEOCHEMISTRY OF KILAUEA'S are olivine rich (the December 1974 and 1959 eruption HISTORICAL SUMMIT LAVAS lavas). These olivines commonly contain minute Crspinel and glass inclusions. Many of the lavas (sample HM68-15, and most of those erupted between 1868 and 1921) contain rare glomerocrysts (mostly microphenocrysts) of clinopyroxene ± plagioclase ± olivine.
PETROGRAPHY

Incompatible trace element variations
Rare, small phenocrysts of clinopyroxene are found in many of the lavas erupted between 1885 and 1921, The historical summit lavas of Kilauea show small but although they are generally present only in glomerocrysts. significant variations of incompatible trace element Plagioclase phenocrysts do not occur in any of Kilauea's abundances and ratios. Trace elements with similar dehistorical summit lavas.
grees of incompatibility produce tight, positive correlations in variation diagrams (e.g. La vs Ce; Fig. 3 ). The coherence of these trends decreases with increasing contrast in the incompatibility of the trace elements (e.g.
ANALYTICAL METHODS
La vs Sm to La vs Yb; Fig. 3 ). This scatter results The abundances of Cs, Rb, Ba, Th, U, Nb, Sr, Zr, Hf, from systematic changes in the highly to moderately Y, and the rare earth elements (REE) were measured on incompatible trace element ratios of the lavas (e.g. Nb/ 43 samples by inductively coupled plasma mass spec-Y and Nb/Hf vs La/Yb and La/Sm; Fig. 4 ). These trometry (ICP-MS) at Washington State University incompatible trace element systematics are similar to (Table 1) . Before dissolution, samples of glass or ground-those that have been found previously for other Kilauea mass were repeatedly washed in a sonic bath of distilled lavas (e.g. Hofmann et al., 1984; Casadevall & Dzurisin, water until the water was clear, and then hand picked 1987; Tilling et al., 1987; Chen et al., 1996; Garcia et al., to avoid crystals. Some samples (1924 ( , KL1952S, 1974D-1996 . For comparison, the ranges of incompatible trace E2, and 1974D-E3) and the Hawaiian basalt standard element abundances and highly to moderately inKil1919 (from the same 1919 lava flow in Kilauea Caldera compatible trace element ratios for the historical summit as the BHVO-1 standard) were analyzed from whole-lavas are similar to those found in the prehistorical Hilina rock powders. Details of the chemical and analytical Basalt lavas of Kilauea, which erupted over a~75 kyr procedures for the ICP-MS analyses have been described period (Chen et al., 1996; Figs 3 and 4) . by King et al. (1993) . Table 1 includes an estimate of the analytical precision for each element based on replicate analyses of samples and Kil1919 (1 errors of~1-3% for most elements except Cs~5%). Compared with recent analyses of Kil1919 for the Hawaii Scientific Pb, Sr, and Nd isotope ratio variations Drilling Project by neutron activation (Yang et al., 1996) The total ranges of the Pb, Sr, and Nd isotope ratios in and X-ray fluorescence , our results for the historical summit lavas of Kilauea are small but Kil1919 agree within 1-5% for all elements except Rb significant relative to our analytical uncertainty ( Pb isotope higher), and Nb (7% lower). For comparison with our ratios of the lavas define positive correlations, whereas results for Kil1919, the trace element abundances for the Pb and Sr isotope ratios are roughly inversely cor-BHVO-1 (based on a compilation of literature sources related. The Nd isotope ratios of the lavas vary only and unpublished isotope-dilution data) are shown in slightly and correlate poorly with the other isotope ratios. Table 1 .
The isotopic variability of the historical summit lavas is Measurements of Pb, Sr, and Nd isotope ratios were close to (Pb and Nd isotopes) or larger than (Sr isotopes) made on 17 samples using the University of Hawaii VG the prehistorical Kilauea lavas from the Hilina Basalt Sector thermal ionization mass spectrometer (Table 2) . (Chen et al., 1996; Fig. 5 ). Thus, Kilauea has erupted Hand-picked samples of 50-80 mg of glass or groundmass lavas in only 200 years with compositions that span chips were cleaned in distilled water (see above) and almost the entire known isotopic range for this volcano. washed briefly (~10 min) in sonic baths of methanol, Previous studies of Pb, Sr, and Nd isotope ratios in 2 N HCl, and ultrapure water before dissolution. One Kilauea's historical summit lavas analyzed samples from sample (Kil1919) was analyzed from a whole-rock powonly a few eruptions (1919, 1921, and 1967-1968) and der. The chemical and mass spectrometric techniques did not identify any isotopic variation (Tatsumoto, 1978 ; used in this study have been described by Mahoney et White & Hofmann, 1982; Hofmann et al., 1984; Stille et al. (1991) . Additional information on standard measurements and procedural blanks is presented in Table 2 . Chen et al., 1991) . VOLUME 40 NUMBER 8 AUGUST 1999 Sr = 0·710258 ± 0·000013 (1 ). Pb isotope ratios are corrected for fractionation using the NBS 981 Pb standard values of Todt et al. (1996) . The estimated maximum uncertainties (1 ) 
THE TEMPORAL GEOCHEMICAL 1790-1921
The highly to moderately incompatible trace element
VARIATIONS OF HISTORICAL
ratios (e.g. La/Yb or Nb/Y) of Kilauea's historical summit
KILAUEA LAVAS
lavas increased from 1790 to 1921 (Fig. 2) , when the The historical summit lavas of Kilauea display a sys-eruptive style of the volcano was dominated by nearly tematic temporal fluctuation of incompatible trace ele-continuous lava lake activity. The only lava that plots ment, and Pb, Sr, and Nd isotope ratios (Fig. 2) . In this significantly off these temporal trends (1868) erupted section, we describe these geochemical variations and outside the boundaries of the caldera near Kilauea Iki discuss the changes in the parental magma composition Crater (Fig. 1) . This moderately evolved lava (~6·7 wt % MgO; M. Garcia, unpublished data, 1999) may have delivered to the volcano's summit reservoir since 1790. VOLUME 40 NUMBER 8 AUGUST 1999 geochemical variations (see Rhodes & Hart, 1995) . Thus, the composition of the parental magma delivered to the volcano's summit reservoir must have changed over time.
Parental magma changes at Kilauea have been proposed for this period on the basis of major and limited trace element data [the 'magma batches' of Wright (1971) ], which show a temporal increase of MgO-normalized incompatible element abundances (e.g. K 2 O and La) in lavas erupted during the 18th, 19th, and 20th centuries (Wright, 1971; Tilling et al., 1987) .
1924-1982
After the collapse of Halemaumau lava lake and subsequent phreatic explosions in 1924, the Pb, Sr, and Nd isotope ratios of Kilauea's summit lavas display sudden shifts (Fig. 2) . For the next several decades, lavas with relatively high ratios of highly to moderately incompatible trace elements were erupted at the volcano's summit (diamonds in Figs 2 and 4). This time period was also characterized by a major change in eruptive style at Kilauea from nearly continuous lava lake activity to sporadic summit eruptions, and the longest quiescent period in the volcano's historical record (1934 -1952 Macdonald et al., 1983) . During the second half of the 20th century, the highly to moderately incompatible trace element and Pb isotope ratios of the lavas decreased over time, whereas the Sr and Nd isotope ratios remained essentially constant (Fig. 2) . Crystal fractionation from a single parental magma cannot explain a temporal decrease in the highly to moderately incompatible trace element or Pb isotope ratios (see Rhodes & Hart, 1995) . Therefore, the geochemical variations during the second half of the 20th century record a previously undetected reversal in the parental magma composition supplied to the volcano's summit reservoir. This change has continued through the current Puu Oo rift zone eruption with lavas that are geochemically similar to those erupted at the volcano's summit in the early 19th century (Fig. 2) . A HAWAIIAN PLUME SOURCE FOR KILAUEA LAVAS been stored below Kilauea Iki for several decades before eruption. The increase of the highly to moderately in-Kilauea lavas form an end member in the isotopic array compatible trace element ratios from 1790 to 1921 also of Hawaiian volcanoes (e.g. West et al., 1987;  Chen et correlates with a systematic temporal change in the Pb, al., 1996) . This end member is characterized by relatively Sr, and Nd isotope ratios of the lavas ( (Fig. 6) , and inversely; Fig. 2) , except for the lavas erupted during the is best represented historically by the early 20th century 1790 explosive summit eruption. Crystal fractionation summit lavas of Kilauea (Fig. 2) . Several models have been proposed for the origin of this unique isotopic from a single parental magma cannot explain these et al., 1996) . The Nb and Y concentrations from Chen et al. (1996) have been adjusted to account for the interlaboratory differences described in the text. The 2 error bars are given in a corner of each plot. The other symbols are the same as in Fig. 3. signature in Hawaiian lavas, including (1) assimilation of (King et al., 1993; Fig. 6 ). However, enormous amounts of bulk assimilation are required to match the relatively hydrothermally altered oceanic crust into plume-derived melts (Eiler et al., 1996) , (2) Pb ratios of the early 20th century Kilauea lavas (~89 or 95%) assuming plume-derived, parental below Hawaii (e.g. Tatsumoto, 1978; Stille et al., 1986; Hauri, 1996; Lassiter et al., 1996) , and (3) melting a magmas of either historical Mauna Loa or Koolau composition, respectively (Fig. 6) . Even if the historical Kilong-term depleted component within a heterogeneous Hawaiian plume (e.g. West et al., 1987; Bennett et al., lauea Pb ratio (sample 1820-1, using 0·7 ppm Pb) is assumed to represent a plume 1996; Chen et al., 1996; Lassiter & Hauri, 1998) . Because our interpretations depend critically on the source of the magma, the required amount of assimilation would still be unreasonably large (~82%). 'Kilauea' end member (oceanic crust, ambient upper mantle, or plume?), we briefly evaluate these models by Melting the upper mantle (lithosphere or asthenosphere) below Hawaii also probably cannot explain the comparing the isotopic composition of Kilauea's historical summit lavas (and the early 20th century lavas in par-Pb, Sr, and Nd isotope ratios of Kilauea lavas. Mantle xenoliths from Salt Lake Crater on the Island of Oahu ticular) with inferred Pb, Sr, and Nd isotope ratios for the oceanic crust and upper mantle below Hawaii.
are fragments of the lithosphere below Hawaii (Okano & Tatsumoto, 1996 Pb ratios are too low (Fig. 6 ). An alternative upper-mantle composition seawater-altered (unleached analyses) and 'fresh' (leached analyses) Site 843 basalts into a hypothetical plume-inferred from the Site 843 basalts (which may represent the mantle below Hawaii that was previously melted to derived magma (of either historical Mauna Loa or Koolau composition) might explain Kilauea's isotopic signature form mid-ocean ridge basalts) also cannot explain the VOLUME 40 NUMBER 8 AUGUST 1999 White & Hofmann (1982) , Hofmann et al. (1984) , Stille et al. (1986), and Chen et al. (1991) . The stippled field shows the isotopic range of lavas from the Puu Oo eruption . For comparison, the dashed fields enclose the isotopic range of lavas from the prehistorical Hilina Basalt of Kilauea (Chen et al., 1996) . All of the isotopic data from literature sources discussed in the text and shown in the figures are corrected relative to the University of Hawaii standard values ( Table 2 ). The 2 error bars are given in a corner of each plot. The other symbols are the same as in Fig. 3 Sr ratios magnitude to the volcano's overall compositional range. are too low (similar to modern-day MORB from the Because no long-term geochemical evolution has been East Pacific Rise; Fig. 6 ). Instead, the most likely in-recognized for Kilauea (Chen et al., 1996) , these shortterpretation is that the isotopic signature of Kilauea's term changes are probably the dominant mode of parhistorical summit lavas from the early 20th century (and ental magma variation at this volcano (see Casadevall & the 'Kilauea' end member of Hawaiian volcanoes) results Dzurisin, 1987; Chen et al., 1996) . A similar pattern of from melting a long-term depleted component within the relatively large, fast parental magma changes (including Hawaiian plume [model (3) above], rather than part of both isotope and incompatible trace element ratios) is the oceanic crust or upper mantle below Hawaii. A emerging from studies of shield lavas from other Hawaiian plume source for Kilauea lavas is also consistent with volcanoes such as Mauna Loa (Kurz et al., 1995 (Lassiter et al., 1996; Yang et al., 1996) , although these volcanoes also display a long-term geochemical evolution.
THE ORIGIN AND TIMING OF
The systematic variations of Pb, Sr, and Nd isotope KILAUEA'S PARENTAL MAGMA ratios in lavas erupted at Kilauea since 1790 require
VARIATIONS
an isotopically heterogeneous source for the volcano's parental magma. The rapid changes in the source (or The parental magma changes in historical Kilauea lavas are characterized by rapid geochemical variations on a proportions of the source components) for Kilauea (and other Hawaiian shield volcanoes) suggest that the length ratio (for example) and vice versa for the early 19th and late 20th century lavas. In detail, however, a simple scale of source heterogeneity in the Hawaiian plume is small relative to the scale of the partial melting region mixture of two chemically and isotopically distinct source components cannot explain the combined geochemical (see Rhodes & Hart, 1995) . This small scale of source heterogeneity must be superimposed on any possible variations observed historically at Kilauea (Fig. 8) . Shortterm changes in the partial melting process are also large-scale plume heterogeneity, such as a radial zonation (e.g. Frey & Rhodes, 1993; Hauri, 1996; Lassiter et al., required. In the next section, we discuss the geochemical effects of source vs melting processes on the composition 1996).
Chen et al. (1996) Sr isotopic end member of Hawaiian volcanoes (i.e. the 'Kilauea' component). Assimilation of oceanic crust (represented by the Ocean Drilling Program Site 843 basalts) into a plume-derived, parental magma of either historical Mauna Loa or Koolau isotopic composition cannot explain Kilauea's isotopic signature because enormous amounts of assimilation are required (continuous lines). The composition of the oceanic crust used in this calculation (filled star) is constrained to lie in the field of the Site 843 basalts so that the mixing trends pass through the Kilauea data (assuming average unleached isotope dilution Pb, Sr, and Nd concentrations; King et al., 1993) . Two possible isotopic compositions for the Hawaiian plume source are represented by historical Mauna Loa lavas (ML-85, Φ; Kurz et al., 1995) and Koolau lavas (Β, 69-TAN-2; Roden et al., 1994) . The Pb, Sr, and Nd concentrations in the assumed plume-derived magmas are from the picrite data of Norman & Garcia (1999) for Koolau (average of KOO-CF and KOO-17A) and Rhodes & Hart (1995) for Mauna Loa (ML-85, assuming 0·6 ppm Pb). To estimate the present-day isotopic composition of the upper mantle below Hawaii today (filled rectangle), we age corrected the least altered (for Pb and Nd) and/or leached (for Sr and Nd) Site 843 lavas (110 my old; King et al., 1993) to obtain the Pb, Sr, and Nd isotope ratios of the mid-ocean ridge basalt (MORB) source at the time of eruption, and then assumed parent/daughter ratios for depleted mantle [Rb/ Sr = 0·0045 and Pb ratio for this source is only approximate because the U and Pb concentrations used for the calculation were measured on different sample splits that were not acid washed (M. Garcia, unpublished data, 1999) . Additional data sources are Roden et al. (1984) , Mahoney et al. (1994) , and Okano & Tatsumoto (1996) . Only the least altered Koolau samples with K 2 O/ P 2 O 5 [ 1·4 (e.g. Frey et al., 1994) or leached analyses are shown. The prehistorical Mauna Loa field includes samples from only the volcano's submarine southwest rift zone (Kurz et al., 1995) . The other symbols are the same as in Fig. 3 . VOLUME 40 NUMBER 8 AUGUST 1999 Pb vs Ba/Sm ratio variations (and other combinations of trace element and isotope ratios as well; Fig. 7) . Changes in the degree of partial melting of an isotopically and chemically heterogeneous source are required (grid) . The large open circle and open square represent the assumed compositions of the early 19th-20th century and the early 20th century sources, respectively. The meltsource variation grid was calculated by mixing the two end-member sources in variable proportions and partially melting these mixtures from 4 to 11%. We assume non-modal batch partial melting (Shaw, 1970) with a source mineralogy of olivine (60%), clinopyroxene (15%), orthopyroxene (15%) and garnet (10%) which enter the melt in 3:4:2: Fig. 7 . Geochemical variations of Kilauea's historical summit lavas. 1 proportions. The mineral-liquid partition coefficients are given in The compositional range of the prehistorical Hilina Basalt lavas of Table 3 . The 2 error bar is given on the left side of the plot. The Kilauea (Chen et al., 1996) is shown to emphasize the relatively other symbols are the same as in Fig. 3 . large geochemical range of historical Kilauea lavas. Lavas from other Hawaiian volcanoes are shown for comparison: Koolau Roden et al., 1994) , prehistorical Mauna Loa Kurz et al., 1995) , and historical Mauna Loa (Rhodes & Hart, 1995) .
The source of historical Kilauea lavas must also be Only the least altered Koolau samples with K 2 O/P 2 O 5 [ 1·4 (e.g. chemically heterogeneous because some highly in- Frey et al., 1994) are shown. The 2 error bars are given in a corner compatible trace element ratios vary slightly over time.
of each plot. The other symbols are the same as in Fig. 3. For example, the early 20th century lavas have lower Ba/Nb ratios than would be expected from their relatively For our partial melting model, we assume that the isotopic high La/Yb and Nb/Y ratios (Fig. 2) on the basis of the compositions of these two lava groups represent the end-order of trace element incompatibility during partial member values in Kilauea's heterogeneous source. The melting (Ba > Nb > La > Y > Yb; Sun & McDonough, Pb, Sr, and Nd isotope ratios of Kil1919 and the average 1989). This observation can be explained if the early 1990 Puu Oo lavas are used for the 20th century lavas were derived from a source that has early 20th century and the early 19th-late 20th century relatively low concentrations of highly incompatible trace sources, respectively (i.e. the historical Kilauea lavas with elements (compared with the source of earlier and later the maximum and minimum Pb isotope ratios). Of course, erupted lavas). Thus, we constrain the early 20th century the actual source components probably have more ex-source to be slightly more depleted than the early 19th-treme isotope ratios, but it is noteworthy that the early late 20th century source (primitive mantle normalized 20th century Kilauea lavas define ( 87 Sr/ 86 Sr = 0·70347) La/Sm ratios of 0·8 and 0·9, respectively; see Fig. 9 and Chen et al., 1996; Lassiter et al., 1996) . eruption lavas, and similar results for other Hawaiian incompatible trace element abundances for summit lavas erupted Olivine. The D values for these incompatible trace elements between 1918 and 1921 (circles) and 1990 Puu Oo lavas (squares; are very low in olivine (e.g. Green, 1994) and are assumed Garcia et al., 1996) , which are used to calculate the incompatible trace to be zero. Garcia et al. (1996) for the 1990 Puu Oo lavas, for D Gd , D Dy , and D Er are from Shimizu & Kushiro (1975) .
Kil1919, and M. Garcia (unpublished data, 1999) for the other 1918-Plagioclase. D La , D Ce , D Sm , D Gd , and D Yb are from the ex-1921 summit lavas. The source compositions were calculated from perimental run of Phinney & Morrison (1990) . D Eu is calculated these primary magmas assuming that they were produced by nonusing the relationship between oxygen fugacity and the modal batch partial melting (Shaw, 1970 ) of a source containing olivine oxidation state of europium from Drake (1975) assuming (60%), clinopyroxene (15%), orthopyroxene (15%) and garnet (10%), D Eu(II) = D Sr and D Eu(III) is the average of D Sm and D Gd . An which entered the melt in 3:4:2:1 proportions. The partition coefficients oxygen fugacity of 1·4 × 10 -8 is calculated from Kilinc et are given in Table 3 . The degrees of partial melting are arbitrarily al. (1983) using the major element composition of sample constrained to 5% for the 1918-1921 lavas and 10% for the 1990 Puu 1931HM from Wright (1971) and a magmatic temperature of Oo lavas, to obtain a pattern for the early 20th century source (circles) 1164°C estimated from the MgO geothermometer of Helz & that is slightly more depleted in highly incompatible trace elements Thornber (1987) . D Sr is calculated from the expression of than the early 19th-late 20th century source (squares). The Sr and Pb Blundy & Wood (1991) that relates D Sr to plagioclase com-concentrations of the end-member sources were calculated using the position and magmatic temperature assuming X An = 0·75 above references for Sr and assumed values for Pb: 1990 Puu Oo (0·8 and T = 1164°C. D Pb is the average value for basic rocks ppm Pb) and 1918-1921 (1.1 ppm Pb). from Henderson (1982) . All other partition coefficients are interpolated or extrapolated from these values, or are estimated by comparison (Fig. 7) because the lavas with the highest La/Yb ratios with the average D profiles of Green (1994) .
(for example) are assumed to be derived from a source with relatively low La/Yb (and vice versa). A more chemically depleted source for the early 20th century lavas is consistent with their relatively low 87 Sr/ 86 Sr and shield volcanoes (e.g. Budahn & Schmitt, 1985) . However, the inferred chemical heterogeneity is opposite to that high Nd .
We model the variations in the partial melting process expected from a simple comparison of the highly to moderately incompatible trace element and isotope ratios at Kilauea since 1790 as follows. The incompatible trace element abundances in the source for each of the historical 1840 and 1959 (Dvorak & Dzurisin, 1993 Pb ratio compared Ζ40 years after the collapse of Halemaumau lava lake with the assumed Pb isotope ratios in the early 20th and subsequent phreatic explosions in 1924, which was century, and the early 19th-late 20th century end-mem-also a period of greatly reduced eruptive activity that ber sources. This mixed source is then partially melted included the longest quiescent period in the volcano's to a degree necessary to reproduce the observed La/Yb historical record (1934 -1952 Macdonald et al., 1983) . ratio of the lava (see Fig. 8 for more details) . Finally, the Subsequently, the calculated degree of partial melting calculated primary magma compositions were evolved increased (again by a factor of~2). The higher model by olivine control to match the observed Yb concentration melt fractions after 1959 correlate with a greater average of the lavas. Although the absolute degree of partial magma supply rate for Kilauea of~0·06 km 3 /yr from melting calculated using this method is model dependent, 1959 (Dvorak & Dzurisin, 1993 . The eruption the relative differences between samples are significant. rate during the Puu Oo eruption (which has the highest Our results suggest a relatively large (factor of~2) model melt fraction in the 20th century; Fig. 10 ) has change in the degree of partial melting at Kilauea since generally exceeded this average supply rate (~0·1 km 3 / 1790 (Fig. 8) . For comparison, this is an order of mag-yr; Dvorak & Dzurisin, 1993; Heliker et al., 1998 ). Thus, nitude larger then the range inferred for the lavas from when the melt output of the Hawaiian plume is inferred the Mauna Ulu rift zone eruption of Kilauea (an~20% to be the lowest, Kilauea's eruption rate (and presumably relative increase in the extent of partial melting from its magma supply rate) is correspondingly low, and vice 1969 to 1971; Hofmann et al., 1984) . Our partial melting versa. Similar observations were made for historical model successfully accounts for the overall geochemical Mauna Loa lavas, where the most chemically depleted variations of Kilauea's historical summit lavas (the results parental magmas (which are thought to be produced by are summarized in Table 4 ). However, some aspects of greater extents of partial melting) erupt during periods the data are not well explained: (1) the calculated 87 Sr/ of relatively high eruption rate (Rhodes & Hart, 1995) . Fig. 10 ). This explains the observation that late 19th century and just after 1924). These discrepancies the lavas with greater ratios of highly to moderately suggest that Kilauea's source is more isotopically and incompatible trace elements (such as those that erupted chemically heterogeneous than can be explained by a in the early 20th century with high La/Yb; Fig. 5 Pb (Rhodes & Hart, 1995) , compared with early 19th century summit lavas (Fig. 5) .
which is opposite to the relationship observed at Kilauea (Fig. 7) . This is further evidence for fundamental differences in the source composition and/or melting process between Kilauea and Mauna Loa (see Frey & Rhodes,
THE SOURCE, MELTING, AND
1993). However, there are geochemical similarities be-
ERUPTIVE HISTORY OF KILAUEA
tween historical Kilauea lavas and the oldest analyzed
COMPARED WITH MAUNA LOA
Mauna Loa lavas from the volcano's submarine southwest rift zone (~100-300 kyr old;  Kurz et In addition to the source changes recorded by the flucal., 1995) . These prehistorical Mauna Loa lavas plot tuations in the Pb, Sr, and Nd isotope ratios (Fig. 2) , our along the extension of the trend between highly to model results suggest that there have also been systematic moderately incompatible trace element ratios (e.g. La/ variations in the partial melting process at Kilauea over Yb) and Pb and Sr isotope ratios for Kilauea's historical the last 200 years (Fig. 10) . The inferred degree of partial summit lavas (Fig. 7) , and may have been formed by melting decreased by a factor of~2 from the early 19th relatively high degrees of partial melting of a source that century to the mid-20th century. This correlates with a is similar to the source of Kilauea's early 19th and late change in the volcano's eruption rate from [0·1 km 
The first column lists the analytical uncertainties from Tables 1 and 2, and 
KILAUEA'S EXPLOSIVE 1924
given Pb or Sr isotope ratio; Fig. 7 ). There are two
SUMMIT ERUPTION
possible eruption-related mechanisms for the post-1924 geochemical shift and subsequent anomaly: influx of In February 1924, the long-standing lava lake within a compositionally distinct parental magma or crustal Halemaumau pit crater drained away, and less than 3 contamination. months later, major collapses of the floor and walls of
The post-1924 lava compositions might simply repHalemaumau were accompanied by 3 weeks of phreatic resent a new parental magma that formed by relatively explosions (Dvorak, 1992) . Although this eruption was low degrees of partial melting of a source that is isoprobably caused primarily by near-surface interaction topically distinct from the source of lavas erupted earlier between hot rock and groundwater (e.g. Decker & Chrisin the 20th century (Fig. 10) Pb change~5 times enlarged by 0·2 km 3 through collapse (Dvorak, 1992) . faster than the average for the previous century; Fig. 2 (Table 5) indicates that the observed Pb and Sr isotope, and La/Yb ratios of sample 1931HM capacity of Kilauea's summit reservoir and cause a greater rate of geochemical variation in subsequent lavas (e.g. can be reproduced by mixing 3·5% interstitial glass, 46·0% resident magma, and 50·5% input magma. AlAlbarède, 1993) .
Crustal assimilation as a result of stoping of country though this assimilation model does not explain the low
Nd of the post-1924 lavas (Fig. 2) , the calculation does rock during the engulfment of Halemaumau in 1924 is another possible explanation for the geochemical shift reproduce the observed REE concentrations of sample 1931HM within analytical uncertainty for most elements. and subsequent anomaly. We model the effects of assimilation for the most geochemically anomalous post-The model also predicts negative Eu (~2%) and Sr (~17%) anomalies (which are not observed in the post-1924 eruption lava (sample 1931HM) using a mass-1924 lavas) as a result of the large amount of plagioclase balance approach (see Table 5 for more details). The fractionation assumed for the calculation of the interstitial isotopic (Pb and Sr) and incompatible trace element glass composition. However, Kilauea's parental magma (REE) composition of this sample is modeled by mixing may contain positive Eu and Sr anomalies, which might the three components likely to be found in the shallow offset this effect (Hofmann et al., 1984; Hofmann & plumbing system after the 1924 explosions: unJochum, 1996 . contaminated resident magma, input magma, and melted
The assimilation model results are geologically reasoncountry rock (basalt and gabbro). The gabbros are asable. First, only a small portion of Kilauea's summit sumed to contain a small amount of highly evolved magma reservoir must have been contaminated. The interstitial glass, similar to the residual dacitic to rhyolitic total volume of lava erupted at Kilauea's summit between liquids observed in Kilauea Iki lava lake (Helz, 1987) . The eruption rate from 1823 to 1840 is calculated using information from Finch (1940a Finch ( , 1940b , Macdonald et al. (1983) , and Mastin (1997). Our result for this period (~0·1 km 3 /yr) is lower than the~0·1-0·5 km 3 /yr estimates of Mastin (1997) because we assume a shallower depth for Kilauea Caldera at this time [compare with Finch (1940a) ]. The 1840-1959 eruption rates are estimated using the approach and data of Dvorak & Dzurisin (1993) except that we divide the analysis into two time periods (1840-1924 and 1924-1959) to account for the decrease in eruptive activity at Kilauea after the 1924 explosive eruption (Macdonald et al., 1983) . Between 1959 and 1990, the magma supply rate was~0·06 km 3 /yr (Dvorak & Dzurisin, 1993) , which is lower than the average eruption rate for the Puu Oo eruption (~0·1 km 3 /yr; Dvorak & Dzurisin, 1993; Heliker et al., 1998) . The lower panel shows the eruptive activity of Kilauea's summit region (black bars) since August 1823 determined from Macdonald et al. (1983) and references therein. Eruptive activity during the late 20th century has been concentrated along the volcano's east rift zone with the sustained Mauna Ulu (1969) (1970) (1971) (1972) (1973) (1974) The compositions (the incompatible trace element concentrations are in ppm) and mixing proportions of the components used to model sample 1931HM are summarized in the first four columns (see text for more information). The model results for 1931HM are shown with the residuals (% Diff) expressed as 100 × [(calculated/observed) -1]. The R 2 value for 1931HM is the sum of the squared percent residuals for each element. The final column lists the analytical uncertainties from Tables  1 and 2 , and the R 2 value (= the sum of the squared percent uncertainties) based on the incompatible trace element uncertainties. The composition of the magma in the summit reservoir before 1924 is assumed to equal the average of lavas erupted from 1918 to 1921. For the country rock, we use an average historical Kilauea trace element and Pb isotopic composition, but assume an elevated 87 Sr/ 86 Sr ratio (as a result of isotopic exchange with seawater) to explain the Sr isotope ratio shift to higher values after 1924 (Fig. 2) . Altered lavas from the bottom of the 2 km deep SOH-4 drill hole in Kilauea's east rift zone have 87 Sr/ 86 Sr ratios as high as 0·7043 (H. West, personal communication, 1999) . The trace element composition of the interstitial glass is calculated from 95% equilibrium crystal fractionation of olivine, clinopyroxene, plagioclase, and orthopyroxene in 1:3:2:0·67 proportions (estimated from the modal mineralogy of gabbroic xenoliths from Kilauea's 1960 rift zone eruption lavas; Fodor & Moore, 1994 ) from the average Kilauea composition. Finally, we assume that the magma reservoir is recharged with an input magma equal to the composition of the average of the 1990 Puu Oo lavas with the incompatible element abundances diluted by equilibrium olivine addition (assuming an olivine-liquid Fe-Mg K D = 0·3; Roeder & Emslie, 1970) in small steps to 16 wt % MgO for a presumed parental magma composition. All calculations use the mineral-liquid partition coefficients in Table 3. 1924 and 1961 is 0·13 km 3 (Macdonald et al., 1983) . If Second, the volume of rock that collapsed into the plumbing system in 1924 is ample to account for the this represents the volume of contaminated magma and Kilauea's magma reservoir is assumed to be~2-3 km 3 , volume of contaminated magma. Our calculation suggests that only a small percentage of melted interstitial glass then only~4-7% of the reservoir needs to be affected.
